To study the mechanisms and roles of vascular structural changes during the development of hypertension, we coarcted or sham-coarcted the abdominal aorta of rats. At intervals of 3 to 56 days later, we obtained standardized segments of thoracic and abdominal aortas for measurement of dry weight, water content, and amino acid content. Carotid arterial pressure was elevated by day 5 in coarcted rats and remained elevated. Femoral and tail arterial pressures remained normal. Cardiac ventricular weight and dry weight of the thoracic aorta, normalized for body weight, rose rapidly over 3-10 days in coarcted rats, remaining constant at 50-60% above levels in sham-coarcted rats thereafter. In contrast, water content of thoracic aorta in coarcted rats peaked at 123% of control values on day 7 (p<0.001), falling rapidly thereafter to levels about half of peak. Increments in dry weight and water content of the normotenslve abdominal aortic segments were of far lesser magnitude and occurred 1 to 2 weeks later, probably reflecting the effects of initial hypotension of the hindquarters. Percent hydroxyproline of intima-media segments of the thoracic aorta remained normal during the 8-week period, indicating that increases in aortic dry weight did not represent disproportional fibrosis and thus are attributable to muscular hypertrophy. These results provide support for the hypothesis that arterial wall "waterlogging" is primarily an early manifestation of the hypertensive process. The greatest magnitude of waterlogging coincides with the rapid early increase in aortic dry weight, representing hypertrophy, which suggests common mechanisms, such as activation of Na + -H + antiport. (Hypertension 1989;14:316-321)
T here is increasing evidence that the structural component of vascular resistance sustains established hypertension. 1 -2 However, hemodynamic studies indicate increases in arteriolar wall-to-lumen ratio after only 2-3 days of one-kidney, one clip hypertension in rats, 3 and aortic [ 3 H]thymidine uptake is increased in the prehypertensive stages of murine two-kidney, one clip hypertension. 4 These observations suggest that vascular structural changes contribute to the elevated resistance even in very early stages of hypertension and that they may not be entirely pressure related. Thus, the mechanisms and roles of vascular structural changes during the development of hypertension require further study.
Additionally, arterial wall thickening, whatever its nature, increases the wall-to-lumen ratio and thus has pressor effects. 1 This is true for "water-logging", 5 muscular hypertrophy, or fibrosis. 1 Wall fibrosis appears to be a relatively late development in the course of hypertensive disease. 6 On the other hand, there is little information about the onset and course of waterlogging, and its relation to the muscular hypertrophy has not been studied. Thus, arterial waterlogging may be primarily an early manifestation of the hypertensive process. Additionally, its mechanisms may be related to those of the hypertrophy. The primary purpose of this investigation was to test these hypotheses.
Materials and Methods
Using methods we have previously described in detail, 7 - 8 we coarcted (C) or sham-coarcted (SC) the abdominal aorta in male rats (150-190 g, aged 5-6 weeks). Tail blood pressures were measured weekly thereafter. We terminated groups of rats at 3 days (16 C, 12 SC), 5 days (8 C, 6 SC), 7 days (16 C, 12 SC), 10 days (8 C, 6 SC), 14 days (10 C, 10 SC), 28 days (11 C, 15 SC), and 56 days (9 C, 13 SC) after surgery. At time of death, the rats were anesthetized with pentobarbital (40-60 mg/kg i.p.), and the carotid and femoral arteries were cannulated to measure pressures. Blood was then obtained from the carotid artery for measurement of plasma sodium, potassium, and creatinine concentrations, as previously described. 7 - 8 The cardiac ventricles were excised, opened, and cleaned and the wet weight recorded. Then standardized segments of the descending thoracic aorta and abdominal aorta (the entire thoracic aorta downstream to the origin of the left subclavian artery; the entire abdominal aorta to the bifurcation) were rapidly cleaned of adventitia and fat, excised, and opened.
Placed on a glass plate, these specimens were cleaned further, blotted twice with filter paper to remove blood and surface fluid, and weighed to the nearest 0.01 mg (wet weight). The tissue was then oven dried at 100° C for 24 hours and, when cooled to room temperature, reweighed and the dry weight recorded. The difference between the two weights was considered water content and was expressed as milliliters per 100 grams dry weight.
For assessment of wall fibrosis, segments of thoracic aorta were obtained from other rats similarly prepared (7 days: 4 C, 4 SC; 28 days: 4 C, 4 SC; 56 days: 6 C, 5 SC). We prepared intima-media samples as described 9 but were unable to obtain complete recovery. Abdominal aortas were cleaned of fat and blood, but, due to the thinness of the wall, we were unable to separate the intima-media from the adventitia. Hydroxyproline was determined as described, 10 except that the dried defatted samples were not separated into NaOH soluble and insoluble fractions. Amino acid analysis was performed on an Applied Biosystems (Foster City, California) Model 130A separation system and 920 A data analyzer. Samples were hydrolyzed in 6N HC1 at 105° C for 24 hours. Hydrolyzed samples were derivatized with phenylisothiocyanate and separated by high-pressure liquid chromatography. Norleucine (2 /xmol/sample) was added before hydrolysis as an internal standard. We expressed values as hydroxyproline per milligram dry weight, total amino acids per milligram dry weight, and percent of total amino acids as hydroxyproline.
Data were analyzed by one-way analysis of variance and subsequent comparison of individual means was by treatment contrasts. 11 The null hypothesis was rejected at/?<0.05.
Results
All rats reported remained healthy, although weight gain in coarcted rats by 28 and 56 days was reduced ( Table 1 ). As we have previously reported, 7 -8 plasma sodium, potassium, and creatinine levels and blood hematocrit were similar in coarcted and shamcoarcted rats. Necropsy of coarcted rats, after tissue was obtained, verified aortic constriction by the clip in the absence of other gross abnormalities.
Carotid arterial mean blood pressure, directly measured under pentobarbital anesthesia, was elevated by day 5 in the coarcted rats and remained elevated throughout the 8 weeks of study (Table 1, Figure 1 ). In contrast, as we have previously reported, 7 -8 femoral mean arterial and conscious systolic tail blood pressures in the coarcted rats were not elevated. Carotid and tail pressures in coarcted rats, expressed as percent of control (shamcoarcted) values, are plotted in Figure 1 ; p values represented are those calculated for Table 1 . Variation in carotid and femoral pressures are attributable to varying levels of anesthesia in the rats. Cardiac ventricular weight and ventricular weight expressed in terms of body weight were also elevated throughout the course of the hypertension, the latter reaching significance 3 days after clipping (Table 1) . Ventricular weight/body weight ratio reached near maximum by day 10 after clipping, remaining close to that level thereafter ( Figure 1 ). Dry weight of standardized segments of thoracic aorta from the coarcted rats was also elevated soon after clipping, and thoracic aortic weight expressed in terms of body weight was significantly elevated throughout the course of hypertension, reaching near maximum by day 7 and remaining at that level thereafter (Table 1, Figure 1 ). It should be noted that the major increments in both ventricular weight and aortic weight occurred within the first week after clipping.
Water content of thoracic aorta, expressed in terms of dry weight, peaked at 123% of control values on day 7 after clipping and fell rapidly thereafter to levels about half of peak (Table 1, Figure 1 ). Compared with the magnitude of waterlogging (increased aortic water content) at days 5-7, waterlogging at all other times was significantly (/><0.05) lower. Thus, instead of remaining constant with time after the first 7-10 days of coarctation hypertension, as did ventricular and aortic hypertrophy, aortic waterlogging actually diminished.
Despite the normal arterial pressures downstream to the clip in the coarcted rats, which we and others have previously documented, Figure 1 ), confirming our previous reports. 7 -8 However, wall thickening of the abdominal aorta was later in onset and of far lesser magnitude than that in the hypertensive thoracic aorta, and the development of the minimal (2.4%) waterlogging was indefinite.
To assess the development of fibrosis of the arterial wall and its contribution to aortic wall thickening during the first 8 weeks of coarctation hypertension, we measured amino acids in intimamedia preparations from the thoracic aorta and intima-media-adventitia preparations from the abdominal aorta at 7, 28, and 56 days after clipping or sham clipping. Table 2 presents values for hydroxyproline and total amino acids normalized per milligram of aortic dry defatted weight, and for percent hydroxyproline. We found no evidence in either thoracic or abdominal aorta, in the form of selective increases in hydroxyproline, for increases in aortic wall fibrosis accompanying the development of (8) 219±5 (6) (mm Hg) (6) 0.80+.0.03* (8) 0.60±0.01 (6) (g/gxlO 4 ) 37.2±1.6f (8) 27.6±0.5 (6) 10.1±0.1t (8) 8.1±0.2 (6) weight/body weight (mg/gxlO 3 ) 46.6±1.7* (16) 42.0±l.l (12) 47.2±1.0t (8) 37.1±1.0 (6) Abdominal aortic dry weight (mg) Coarcted Sham-coarcted 4.6±0.2 (13) 4.7±0.1 (9) 4.7±0.1 (8) 4.9±0.3 (6) Abdominal aortic dry weight/body weight (mg/gxlO (13) 23.8±0.6 (9) 21.7±0.6 (8) 22.4±1.2 (6) ) content (ml/100 g dry wt)
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The higher values for hydroxyproline in abdominal aortas compared with thoracic aortas reflect inclusion of adventitia in the former samples.
Discussion The results of this study provide evidence that cardiovascular hypertrophy, as indicated by increases in weight of ventricular and thoracic aortic tissues, is a very early event in the hypertensive process, occurring within 3 days of aortic constriction. Thus, hypertrophy may appear even before the arterial pressure is significantly elevated. These results parallel the observations of others, indicating impaired maximal vasodilatation 13 and increases in aortic uptake of [ 3 H]thymidine in early 14 or even in prehypertensive stages 4 of hypertension. The present studies also provide evidence that this hypertrophic restructuring of the cardiovascular system requires approximately 10-14 days for completion, as has previously been suggested by Lundgren et al, 13 reflecting rapid normalization of wall stress. 6 Fibrosis does not appear to be a disproportionate contributor to the thoracic aortic wall thickening during the first 8 weeks after aortic constriction, in that the wall percentage of hydroxyproline does not increase. Thus, the increases in elastin and collagen accompanying muscular hypertrophy are proportionate to the increases in muscle tissue. Wolinsky 6 has reported evidence that disproportionate fibrosis of the aortic wall may not occur until after the tenth week of murine renal hypertension. In addition to muscular hypertrophy and fibrosis, the aortic wall thickening and increases in arterial wall-to-lumen ratio in hypertension include a contribution attributable to waterlogging, as first suggested by Tobian and Binion. 5 In contrast to the development of muscular hypertrophy and fibrosis, however, there is little information about the time course of the development of this waterlogging. In the only comparable study we have found, Villamil et al 15 followed sequential changes in the ionic composition of the aorta in rats given deoxycorticosterone and salt. In three rats that became hypertensive during the first week of treatment, total aortic water content, expressed in terms of dry solids, was elevated by 17% (p=0.02). In contrast, in 11 hypertensive rats studied after 4-6 weeks, water content was elevated by only 12% (p=0.005). Villamil et al 15 did not compare magnitude of water content at the two time periods. Corresponding increases in the present study ( Figure 1 ) are 23% at 1 week and 15% at 4 weeks and are significantly different. Villamil et al 15 found that water content in non-inulin-penetrated spaces of the aortic wall, which they equated with the intracellular space, was also elevated at 1 week, by 31%, but had returned to normal levels by the 4th to 6th week. Their results suggested to the authors that intracellular ionic gradients had been restored to normal despite progression of the hypertension, perhaps by enhanced synthesis of adenosine triphosphatase allowing compensation by sodium-potassium pump activity for the increased ion leakiness of the smooth muscle membranes.
In general, other investigators 16 -23 measured increases in aortic wall water content only in later, established stages (more than 10 days) of various forms of experimental hypertension in rats, finding values, expressed in terms of dry weight, ranging from 4%
18 to 10%, 16 as compared with our values of 9-12%. (Increases in previous studies, expressed in terms of wet weight, ranged from 3% 21 to 9%, 17 as compared with our values of 3-5%.) In one study of very early hypertension Koletsky et al 24 found that rats with bilateral renal artery obstruction for 1 week, becoming hypertensive but not azotemic, had mesenteric artery wall water contents, expressed in terms of dry weight, increased by 25%. This compares well with our value of 23% at that early stage of hypertension.
It appears from these observations that waterlogging of the wall of the thoracic aorta reaches a maximum very early in hypertension and then declines in magnitude to a constant value of about half peak as the hypertension enters the established phases. It is noteworthy that the greatest magnitude of waterlogging coincides with the rapid early increase in aortic dry weight and with the maximum (4) 131±8 (3) 288±16 (4) 131±8 (4) 6.1 ±0.4 (4) 5.5±0.3 (3) 6.1 ±0.3 (4) 5.5±0.3 (4) 2.38±0.04 (4) 2.39±0.01 (3) 4.72±0.09 (4) 2.39±0.01 (4) 56 days
159±14 (6) 199±8 (5) 401±ll (6) 373±16 (5) 6.8±0.3 (6) 9.2±0.2 (5) 9.0±0.3 (6) 8.4±0.5 (5) 2.72±0.46 (6) 2.17+0.07 (5) 4.46±0.16 (6) 4.49±0.20 (5) All values are mean±SEM. Numbers in parentheses are number of samples. reported by others. This parallelism in time suggests common mechanisms. One possibility would involve the change in Na + -H + antiport activity, which accompanies cellular growth and has also been associated with maintenance of cell volume. 26 The increased antiport in vascular smooth muscle cells early in hypertension may be accompanied by increased intracellular sodium, and hence, water, especially if parallel increases in activity of the sodium-potassium pump 27 are suppressed by a circulating digitalislike inhibitor. 28 -30 Digitalis administration alone to growing rats has been observed to be accompanied by vascular wall waterlogging. 31 We also studied the composition of the abdominal aorta, which is never exposed to the elevated intraarterial pressure. 7 -8 - 12 We have observed both waterlogging and hypertrophy of the normotensive abdominal aorta in coarctation hypertension 7 -8 and have suggested that non-pressure-related factors, such as neurohumoral influences, may be involved. The results of the present investigation confirm our previous observations and extend them by providing information about the time course of the hypertrophy. Our results suggest that the wall hypertrophy occurs 1-2 weeks later in the abdominal as compared with the thoracic aorta. This disparity in time would seem to provide evidence against a major role for neurohumoral influences, which would be expected to have simultaneous effects in forequarters and hindquarters of the rats. However, there is evidence from other laboratories 32 -33 that mean arterial pressures in the hindquarters may be depressed below normal during the first 2 weeks after coarctation. Pressure-related influences are clearly of major importance in the arterial restructuring accompanying hypertension, 1 and reduction in arterial pressure evokes atrophic changes of the vessel wall. 34 Thus, we suggest that the delay in growth of the abdominal aorta observed in the present investigation is the result of the transient hindquarters hypotension and does not necessarily argue against a role for neurohumoral influences.
We and the other investigators cited above did not measure waterlogging in arterioles, the vessels responsible for the increased resistance in hypertension. However, in rats in the chronic stages of one-kidney, one clip hypertension, Tobian et al 35 observed increases of 13% in water content (expressed in terms of dry weight) of the walls of mesenteric arterioles. These arteriolar changes are similar in magnitude to those occurring in the aorta. Thus, it is likely that, in early as well as chronic hypertension, waterlogging in the aorta reflects similar changes in arterioles.
Tobian and Binion 5 considered the hemodynamic implications of arteriolar waterlogging, calculating that such changes might increase flow resistance in a hypothetical arteriole by as much as 54%. They pointed out that, if such arteriolar waterlogging occurs throughout the arterioles of the body, considerable hypertension would result from that mechanism alone.
In summary, the results of the present investigation appear to provide support for the hypothesis that arterial wall waterlogging is primarily an early manifestation of the hypertensive process. The initial hypotension in the hindquarters of rats after coarctation may set into play mechanisms to restore renal perfusion pressure to normal levels. 31 These mechanisms raise peripheral vascular resistance, and hence, blood pressure upstream to the coarctation. The rise in peripheral resistance at even the very early stages has major structural components. Waterlogging, which may be rapidly induced and then diminished by changes in cellular ion transport, is a fast, effective, energy-efficient, 2 and reversible contributor to these early increases in arterial wall-to-lumen ratio, pending more long-term arterial restructuring by muscular hypertrophy and eventually fibrosis.
